We performed a ®eld evaluation of polymerase chain reaction (PCR)-based enzyme-linked immunosorbent assays (ELISA) for the diagnosis of malaria. A commercially available PCR±ELISA microplate hybridization (MPH) assay was used. Blood specimens were collected from 300 volunteers seeking care at malaria clinics in Thailand. Examination of 200 high power ®elds by Giemsa-stained thick and thin smear (GTTS) revealed 51 P. falciparum (Pf), 45 P. vivax (Pv), seven mixed Pf±Pv infections. These plus a random sample of 48 GTTS-negative specimens were selected for this study. All 151 specimens were processed for parasite DNA extraction and assayed by PCR-MPH. The target DNA sequence of the 18S small subunit ribosomal RNA (SSUrRNA) gene was ampli®ed by PCR and hybridized with speciesspeci®c probes for Pf, Pv, P. malariae (Pm) and P. ovale (Po) immobilized in the wells of the microtiter plate and detected by colorimetric assay. Colour development was assessed at an optical density (OD) of 405 nm. An absorbance reading of ³ 0.1 was used as a positive cut-off. In comparison with GTTS results, PCR-MPH sensitivity was 91.4% (53/58, 95% CI 84.2±98.6) for Pf, 94.2% (49/52, 87.9±100) for Pv and speci®city was 95.8% (46/48, 95% CI 90.2±100). There was statistically signi®cant positive correlation between parasite densities £ 7000/ll blood and absorbance reading, suggestive of PCR-MPH being semiquantitative. PCR-MPH also detected additional Pf and Pv cases as well as Pm and Po.
Introduction
Development of accurate and rapid malaria diagnostic techniques continues to be a challenge. Much progress has been made during the last decade on malaria diagnosis, especially immuno-assays of malaria antigens (Shiff et al. 1993; Pieroni et al. 1998; Lema et al. 1999; Piper et al. 1999) . However, detection of either malaria antigens or antibodies for diagnosis has several drawbacks including poor sensitivity at low-density parasitaemia and limited ability to differentiate species or indicate an acute infection (Webster et al. 1992; Makler et al. 1998) . The application of nucleic acid ampli®cation technology, known for its high sensitivity, is a promising new approach.
Recently, the combination of polymerase chain reaction (PCR) and a liquid-phase hybridization for species-speci®c diagnosis of malaria has been developed (Arai et al. 1994; Kimura et al. 1995; Oliveira et al. 1995; Zhou et al. 1998 ). In such a PCR-enzyme-linked immunosorbent assay (PCR±ELISA) system, the target DNA sequence of the 18S small subunit ribosomal RNA (SSUrRNA) gene is ampli®ed by PCR and hybridized with species-speci®c probes immobilized in the wells of a microtiter plate, and then detected by colorimetric assay.
We evaluated the accuracy of a commercially available PCR±ELISA technique, the microtiter plate hybridization (MPH) assay (MPH Ò , Wakunaga Pharmaceutical Co., Hiroshima, Japan) for the diagnosis of malaria in blood specimens from Thailand. 
Subjects and methods

Specimens
Blood specimens were collected between June 1996 and January 1998 at free malaria clinics on the Thai-Cambodian and Thai-Myanmar borders. The study was approved by the Thai Ministry of Public Health Ethical Review Committee.
There were 300 volunteers. From a single ®nger prick, we collected triplicate samples of capillary blood (approximately 50 ll in total) by a microtiter pipette. Blood was used to prepare one thick smear (for on-site diagnosis and treatment by malaria clinic staff) and one thick and thin smear as a reference for this study. Secondly, 20 ll blood was transferred into a microcentrifuge tube for PCR-MPH and lastly, 20 ll blood was collected for a white blood cell (WBC) count. The specimens for PCR-MPH were transported on dry ice to AFRIMS, where they were kept at )70°C. WBC counts and Giemsa staining of reference blood smears were performed on the day of evaluation.
Microscopy
We read 200 oil immersion (magni®cation 1000´) ®elds of Giemsa-stained thick smears before declaring a slide to be negative for malaria. When species differentiation was uncertain, the corresponding thin smear was also examined. Two experienced AFRIMS microscopists examined the smears independently and were blinded to each other's interpretation, the MPH results, and initial diagnosis made by the malaria clinic staff for therapeutic purpose. All species diagnoses were agreed upon by the two microscopists in this study. Final parasite enumeration (per 500 WBC) was an average of the individual microscopists' counts. The parasite count and WBC count were used to calculate parasite density per ll blood.
DNA isolation, primers and PCR ampli®cation DNA isolation was modi®ed from previous methods (Arai et al. 1994; Kimura et al. 1995) . 10 ll of the clotted blood was added to 150 ll PBS, pH 7.2 and mixed with 0.5% saponin in PBS to a ®nal concentration of 0.05%. Plasmodium-speci®c SSUrRNA gene was ampli®ed by using a pair of biotinylated oligonucleotide primers (5¢-biotin-MPH-1 and MPH-2) as previously described (Arai et al. 1994 (Arai et al. , 1996 Kimura et al. 1995) . Procedures to prevent cross-contamination were strictly followed . PCR ampli®cation used a modi®cation of the method described by Kimura et al. (1995) . To each reaction 2 mM M of deoxynucleoside triphosphates were added, along with AmpliTaq polymerase (Perkin Elmer Cetus, Norwalk, CT, USA). Ampli®ed products were detected by gel electrophoresis on 2% NuSieve gel (FMC BioProducts, Rockland, ME, USA) and their sizes were estimated to be of 138±150 bp.
Microtiter plate hybridization assay using MPH and colorimetric detection
The MPH assay involved hybridization of tandem repetitive probes immobilized in microtiter plate wells to denatured ampli®ed PCR products (Kimura et al. 1995) . The probes were speci®c for sequences of SSUrRNA genes of the four malaria species: P. falciparum (Pf), P. vivax (Pv), P. malariae (Pm), P. ovale (Po), plus a new variant of Po (Zhou et al. 1998; Kawamoto et al. 1999) .
The currently marketed MPH assay is slightly modi®ed from products used in previous reports (Arai et al. 1994 (Arai et al. , 1996 Kimura et al. 1995; Zhou et al. 1998) . Ampli®ed PCR products were denatured at 94°C for 10 min and immediately cooled down on ice. 100 ll hybridization solution (1´SSC solution, 0.15 M M NaCl, 0.015 M M sodium citrate) was dispensed into microtiter wells pre-coated with the probes and 5 ll of the denatured ampli®ed PCR products were mixed into the hybridization solution and incubated at 55°C for 1 h. The wells were then aspirated and rinsed with 300 ll/well of washing buffer (Solution 1, Wakunaga Pharmaceuticals, Hiroshima) three times. A 100 ll/well of HRP (horseradish peroxidase)-conjugated streptavidin solution (Wakunaga), diluted 1 : 200 with Solution 1, were added followed by incubation at 25°C for 15 min. The plate was washed three times with 300 ll/well of washing buffer.
The developing solution, consisting of chromogenic substrate and developing buffer solution at a ratio of 1 : 100 (ABTS : H 2 O 2 ), was added, placing 100 ll/well, and the colorimetric reaction proceeded at 25°C. Colour development was stopped after 15 min by adding 100 ll/well of stopping solution (Wakunaga). After the reaction was terminated, the absorbance of each well was assessed in a microplate reader (Molecular Devices Spectra Max 340, Molecular Devices Corp., Sunnyvale, CA, USA) for colour (green) development at OD 405 nm. An absorbance reading of ³ 0.1 was used as positive cut-off. A complete assay required 6 h from the time of DNA extraction to species diagnosis.
Nested PCR
In a small number of specimens, we took a further step to try to explain the discrepancy between MPH and microscopy results by nested PCR of the SSUrRNA gene based on the . As nested PCRs were carried out after comparing the MPH and GTTS results, their results were not used in the analysis and did not alter any of the sensitivity, speci®city or correlation calculated initially and reported in this paper.
Results
Malaria screening and subject selection
In the 300 specimens collected GTTS detected 51 Pf, 45 Pv and seven mixed Pf±Pv infections, all with asexual parasitaemia. These 103 specimens plus 48 randomly selected (based on a published random number table) samples from the 197 GTTS-negatives were included in the PCR-MPH study. The mean age of the 151 subjects whose blood specimens were used in the study was 26.5 years (range 5±68, median 25) 53% (80/151) were male; 19% (28/151) were asymptomatic at the time of presentation to the malaria clinic.
Sensitivity and speci®city of the MPH assay
Compared with GTTS, we found the sensitivity for Pf to be 91.4% (53/58; 95% CI 84.2±98.6), for Pv 94.2% (49/52; 95% CI 87.9±100) and speci®city 95.8% (46/48; 95% CI 90.2±100). Three cases of Pf mono-infection (detected by GTTS) were MPH-negative. Two of these had very low parasite densities (< 30/ll), and by nested PCR one was diagnosed as Pf and the other as Pf±Pv mixed infection. The other case had 80 parasites/ll, and nested PCR con®rmed Pf only. There was one Pv case (according to GTTS) subsequently identi®ed as Pf mono-infection by both MPH and nested PCR. Only three of the seven cases of mixed Pf±Pv infection diagnosed by GTTS were correctly identi®ed by MPH. Three of the four discrepant cases had relatively high parasitaemia (³ 750/ll). MPH detected two as Pv only and one as Pf only, all con®rmed by nested PCR. The last case had much lower parasitaemia (105 parasites/ll) and was MPH-positive for Pf only, but nested-PCR con®rmed the mixed Pf±Pv infection seen on microscopy. There were 2 GTTS-negative cases detected as positive by MPH: one Pf (absorbance 0.198) and one mixed Pf±Pv infection (absorbance 0.402 for Pf, 0.164 for Pv). Nested PCR indicated mixed Pf±Pv infection in both cases.
Mixed species infection detected by MPH
MPH detected 16 cases of mixed Pf±Pv infections, 75% of which tested as mono-infections by GTTS microscopy (nine Pf-only; three Pv-only). According to GTTS, there were no Pm or Po parasitaemias in this study but MPH detected seven cases each of Pm and Po. Two of the Pm and two of the Po absorbance values were very low positive (<0.110). There were no cases of Pm or Po mono-infection according to MPH. Four cases were MPH positive for all four species and four for three species.
Parasite density and colour intensity correlation
Potential use of MPH as a semiquantitative malaria diagnostic technique was assessed by the correlation between parasite density according to GTTS and MPH colour intensity as indicated by absorbance reading. Overall, there was no signi®cant correlation. However, when excluding parasite densities >7000/ll, the correlation was statistically signi®cant for both Pf and Pv (Table 1) . At parasite densities >7000/ll, MPH colour intensity plateaued (data not shown).
Discussion
Several new malaria diagnostic techniques have recently been developed. Immunochromatographic antigen and enzyme detection of techniques are the most well-characterized (Makler et al. 1998; Pieroni et al. 1998; Tham et al. 1999; Wongsrichanalai et al. 1999) . The accuracy of these techniques is generally good but sensitivity for lowdensity parasitaemias still needs to be improved (Humar et al. 1997; Pieroni et al. 1998; Wongsrichanalai et al. 1999) . Molecular techniques are known for their superior sensitivity and may ultimately prove to be the gold standard for malaria diagnosis. Use of the SSUrRNA gene as a DNA target is another diagnostic advancement, because it allows ampli®cation of both conserved (within the genus Plasmodium) and variable regions, thus enabling species differentiation.
All three false negative MPH cases among those with Pf mono-infection were associated with parasite densities £100/ll. A DNA band was not visible on gel, although nested PCR successfully detected Pf in all. These ®ndings suggest some limitation of the colourimetric technique at low-level parasitaemia. A highly sensitive diagnostic technique such as PCR may miss parasites with sequence variations in the target region. In a separate study, a point mutation responsible for a false negative PCR-MPH was discovered (F. Kawamoto, unpublished data). Error in microscopic species differentiation at low parasite density (<30/ll in this case) is the likely explanation for the case of species discordance between GTTS and the MPH assay (Pv by GTTS but Pf by MPH and nested PCR). Discrepancy was also noted in four of the seven cases of mixed Pf±Pv infection according to GTTS, where MPH detected two Pf mono-infections and two Pv mono-infections. Nested PCR con®rmed MPH in all except one which had a much lower parasite density (105/ll), diagnosed as Pf only by MPH but con®rmed as mixed Pf±Pv infection by nested PCR. Numerous young ring forms in high-density Pv infection are sometimes microscopically interpreted as Pf rings, thus explaining an erroneous GTTS diagnosis of mixed Pf±Pv infection.
Although we used GTTS as a reference for practicality, it must be taken into consideration that no real gold standard exists for this type of study. Limitations of microscopy in distinguishing malarial species at low parasitaemia levels and in correctly identifying mixed species infection when one species tends to be dominant are well recognized (Kimura et al. 1995; Tham et al. 1999) . If not subject to limitations of microscopy as a reference standard, speci®city of the MPH assay would have been higher. The two GTTS-negative but MPH-positive cases were con®rmed positive by nested PCR (one mixed Pf±Pv, one Pv only). This supports other PCR-based studies, which also showed that additional malaria cases are detected by PCR among those determined as negative by microscopy or rapid antigen tests (Postigo et al. 1998; Rubio et al. 1999; Singh et al. 1999; Tham et al. 1999; Zhong & Kain 1999 1 ) . The moderate correlation between parasite densities and absorbance reading, although limited to the parasite density range of 7000/ll and below, suggests that MPH may be a useful semiquantitative tool to monitor treatment outcomes and to predict recrudescence such as suggested by other PCR-based techniques (Kain et al. 1994; Ciceron et al. 1999) . Parasitaemia levels >7000/ll were constantly associated with a plateau at high absorbance values, and thus a lack of correlation with parasite density. The presence in circulating peripheral blood of more mature stages of Pv, including the high DNA-containing schizonts, most probably accounted for the lower correlation for vivax malaria.
This study is unique for its relatively high percentage of low-density (£100/ll) parasitaemias (33.0%, 34/103). This explains why sensitivity of MPH was not 100% or approaching 100% as recently reported for other PCR-based techniques (Singh et al. 1999; Tham et al. 1999; Zhong & Kain 1999) . These levels of parasitaemia are the most likely to be missed by routine GTTS or immunochromatographic technique. MPH sensitivity can probably be enhanced if DNA is extracted directly from fresh blood, rather than frozen or clotted blood. All DNA ampli®cation techniques are dependent upon optimal specimen sampling, storage and DNA extraction procedures. Systematic comparison of different sample collection, storage and extraction techniques for the detection of malaria using molecular methods is limited (Farnert et al. 1999) . Fresh whole blood processed immediately or collected into EDTA or acid citrate dextrose anticoagulant is known to be optimal for most gene ampli®cation strategies. However, this method of sample collection is often dif®cult in ®eld settings. Blood dots collected on ®lter paper or onto DNA collection matrixes are much easier to use in ®eld settings but may be less sensitive for both pure and mixed infections (K.C. Kain, unpublished data). Whether newer extraction methods using rapid DNA binding matrices or columns might improve genomic DNA recovery and hence increase the subsequent sensitivity of the PCR-MPH assay, is currently being examined.
The greatest bene®t of MPH appears to be detection of mixed malarial infection including those associated with Pm and Po. High proportions of mixed species infection in Thailand have been noted before in a previous study (Zhou et al. 1998; Kawamoto et al. 1999) . As molecular genetics plays an increasing role in con®rming malaria diagnosis, description of malaria epidemiology based on microscopy alone will become less acceptable.
In summary, the MPH technique can detect four human malarial species simultaneously in a relatively short period of time and requires no radioactive materials (Kimura et al. 1995) . Furthermore, at low to moderate parasitaemia, the technique is semiquantitative. We found the MPH technique to be sensitive and speci®c for diagnosing ®eld malaria specimens, and capable of identifying cases of low parasitaemia or mixed species infection missed by GTTS.
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